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Impedance response of lead zirconate titanate
thick film structures on silicon substrates for
a high frequency ultrasonic transducer
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Micromachined ultrasonic transducers (MUTs) are attractive devices for medical imaging systems. In order to observe biological
tissue images clearly, ultrasonic waves above 100 MHz in a thickness oscillation mode are required. Therefore, the film thickness
of the piezoelectric materials like lead zirconate titanate (PZT) is required less than 10 um. In this study, to adapt the demand
of high frequency ultrasonic, thickness mode transducers using the PZT thick film were prepared with a CSD process, a FEM
simulation, and a micro fabrication process. The effects of the side length of PZT thick film structure and the Si substrate
thickness on the electrical impedance properties were investigated, because the mechanical oscillation was equivalent to the
electrical impedance oscillation. To reduce a series of resonance frequency like a composite resonator, a back side of the Si
substrate was removed with deep Si etching process. The PZT thick film with Si substrate cavity structure showed sharp
fundamental thickness mode resonance peak at around 168 MHz. Therefore, the fabricated device structure is applicable to the
high frequency ultrasonic medical imaging system in the future.
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1. Introduction

Combination of piezoelectric film preparation techniques and
the micromachining technique is interesting to develop micro-
electromechanical (MEMS) devices like actuators and sensors.
Especially, piezoelectric micromachined ultrasonic transducers
(pMUTs) are attractive devices for medical imaging systems.)
The pMUTs are a single or an array type ultrasonic transducer
device composed of the piezoelectric layer and a diaphragm
structure, and the ultrasonic wave is usually oscillated with
bending mode.”"® The pMUTs operated at a high frequency have
possibilities to enhance the spatial resolution of the medical
imaging devices. For instance, transducers working in the 40 to
60 MHz have been studied for skin, intravascular, and ophthal-
mic imaging.” Concerning about the biological tissue imaging
system, a needle type ultrasonic probe using a thin fiber is
proposed to obtain high resolution microscopic image in the
order of 10 um.”'9 In order to observe biological tissue images
clearly, ultrasonic waves above 100 MHz are required. Com-
paring with the piezoelectric film materials such as ZnO and
AIN,'D12) the lead zirconate titanate (PZT) film shows high
piezoelectric response. Moreover, with increasing the oscillation
frequency, the diaphragm size decreases and the difficulty of
the device fabrication process increases for the bending mode
transducer devices. Therefore, the thickness mode oscillation is
better than the bending oscillation mode for the high frequency
ultrasonic transducer above 100 MHz. In the case of a thickness
mode operation for the high frequency pMUTs above 100 MHz,
the film thickness of the PZT is required less than 10 um, because
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the ultrasonic frequency is inversely proportional to the piezo-
electric film thickness.!®!¥) Various PZT thick film fabrication
processes such as an aerosol, a hydrothermal, and a composite
sol—gel are reported.’>!? We successfully prepared dense and
micro-pores free PZT thick films using a chemical solution depo-
sition (CSD) process, and the ferroelectric and piezoelectric prop-
erties prepared with our process showed almost comparable to
the bulk PZT ceramics.'® On the other hand, it is well known that
the mechanical oscillation is equivalent to the electrical impe-
dance oscillation. Therefore, the performance of the ultrasonic
transducer is estimated with the electrical impedance response.

In this study, the thick PZT films, of which film thickness was
10 um, were prepared with the CSD process, and the thickness
mode transducer device structures on Si substrates were fabri-
cated using a micromachining technique. The effect of the PZT
thick film transducer device geometry on the electrical impedance
response was examined, and the results were compared with
finite element method (FEM) simulations to design an optimized
device structure.

2. Experimental procedure

2.1 Fabrication process of PZT thick film struc-
tures

Pby 1(Zry 53Tig 47)O3 precursor solution was deposited on a 2-
inch Pt/Ti/SiO,/Si substrate using a chemical solution deposi-
tion (CSD) process. Thickness of the Pt/Ti bottom electrode and
Si substrate were about 200nm and 280 um, respectively. The
sequence of spin coating and pyrolysis at 500°C for 3 min was
repeated three times, and then the precursor films were fired at
700°C for 5 min in air. This process was repeated with a computer
controlled automatic coating and firing system composed of a
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Fig. 1. Schematic illustration of the prepared PZT thick film structures.

dispenser, a spin coater, and an infrared lamp furnace to increase
the PZT film thickness up to 10 um. Then, a 200 nm Pt top elec-
trode was sputtered, and the Pt and the PZT layer were etched
by reactive ion etching (RIE) process (Plasmalab 80; Oxford
Instruments) using a standard photolithography technique. Con-
sequently, the PZT thick film structures were fabricated. Details
of the preparation process of the PZT thick films were described
elsewhere.!® Figure 1 shows the schematic illustration of the
prepared PZT thick film structures. The side length of the square
shaped PZT film structures was varied from 50 to 1000 um.

2.2 Characterization of piezoelectric responses

for PZT thick film structures

The polarization field (P-E) hysteresis curves and the piezo-
electric induced longitudinal displacement curves were measured
with a ferroelectric test system (FCE-1; Toyo Corporation)
connected with a twin beam laser interferometer system. This
system consisted of two individual laser interferometers (MLD-
102, MLD-301A; NEOARK). Each of the interferometers mea-
sured the displacement of the top electrode side and the bottom
substrate side separately to reduce the effect of the substrate
bending, and the system could measure the P-E hysteresis and
longitudinal displacement curve simultaneously.'” The measure-
ment frequency was 100 Hz, and the amplitude of the bipolar
electric fields was 100kV /cm.

An electrical impedance response were measured after a poling
process at 100kV/cm, which was about four times higher than
the coercive field of the prepared PZT film, for 10 min at room
temperature. An impedance analyzer (E4991A; Agilent Tech-
nologies) was used to measure the electrical impedance of the
PZT thick film structures. A high frequency prove (ACP40;
Cascade Microtech, Inc.) was used to measure an impedance
spectra between 1MHz and 1 GHz after the open and short
calibration. Because the prepared samples had a bump of top-
bottom electrode difference in level, the prove head was tilted to
keep good contact between the prove and the samples.

On the basis of the experiment, two-dimensional FEM simu-
lations were performed with PZFlex as a standard FEM program
(Weidlinger Associates, Inc.) to compare with the characteristics
of the experimental results. A two-dimensional capacitor model
was composed with Pt/PZT/Pt/Si layers, and the geometry
of the model was comparable to the fabricated PZT structures
as shown in Fig. 2. The models were divided into mesh of
rectangular shaped elements. The mesh size was set to 1/20 of
smallest wavelength in the simulations, and 3 million elements
were used at a maximum. To reduce the computation time, only a
half of the model was analyzed with symmetry boundary
conditions. The material parameters of the bulk PZT (Zr:Ti =
52:48) listed in Table 129 were used in the simulation, and
Table 2 shows the material parameters of Si substrate and
Pt electrode embedded in the FEM program.

Electrode length J x

30~1000pm —

Si substrate
280 um

_________________ x
Fig. 2. Prepared two-dimensional FEM simulation model.

Table 1. Material parameters of PZT (Zr:Ti = 52:48) used in the FEM
simulation, where p is the density, d is the piezoelectric constant, & is the
electric permittivity, and s is the elastic compliance?”

Parameter Parameter
0 (10°kg/m?) 7.55 s1® (1072 m?/N) 13.8
dis (1072m/V) 494 s12F (10712 m?/N) —4.07
dsy1 (1072m/V) —93.5 s135 (10712 m?/N) —5.80
dy3 (1072m/V) 223 s33F (10712m?/N) 17.1
e11"/€o 1180 s544% (1072 m?/N) 48.2
£337/&o 730 se6 (10712m?/N) 38.4

Table 2. Material parameters of electrode and substrate materials used in
the FEM simulation

. Density Young’s modulus . s .
Material (10°kg/m?) (GPa) Poisson’s ratio
Pt 214 16.8 0.32
Si 231 130.8 0.28

3. Results and discussion

Prepared PZT thick films was (100) preferred texture orienta-
tion, and the microstructure was dense and micro-pores free
with flat surface from the XRD and SEM analysis, respectively.
The P-E hysteresis curve showed well saturated shape, and the
measured remnant polarization and coercive field at 100 Hz,
+100kV/cm were 2Pr = 25.7uC/cm? and 2Ec = 42.6kV/cm,
respectively. The Pr showed relatively low value comparing with
that of the bulk PZT because the prepared PZT film showed (100)
preferred texture orientation. Electrical properties of the PZT
thick films prepared by our process showed good reproducibility
including dielectric properties as described elsewhere.'® The
effective piezoelectric constant estimated from a decline of
butterfly-shaped displacement curve was d33 = 142 pm/V.

Figures 3(a) and 3(b) show the experimental results for the
electrical impedance and phase response of the poling treated
PZT film structure from 1 MHz to 1 GHz. The side length was
30 um for Fig. 3(a) and 500 um for Fig. 3(b), respectively. Some
resonant peaks were observed higher than 10 MHz, but these
profiles were totally different. When the side length was 30 um,
two clear experimental resonant peaks (58 and 124 MHz) and a
small resonant peak at 190 MHz were observed in Fig. 3(a).
When the side length was 500 um, on the other hand, multiple
resonances were observed around 150 MHz in Fig. 3(b). There-
fore, the effect of the side length on the impedance property was
studied.
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transducer

Figure 4(a) shows the experimental results for the electrical
impedance response of the PZT film structure changing the
side length from 30 to 1000 um. Figure 4(b) shows the FEM
simulation results for the electrical impedance response of the
PZT film structure. It can be seen that the FEM simulations
were totally in good agreement with the experimental results. In
experiment as shown in Fig. 4(a), with increasing the side length,
intensity of the two clear resonant peaks decreased. On the other
hand, intensity of the small resonant peaks just below 200 MHz
increased with increasing the side length, and the peaks showed
multiple resonance when the side length was longer than 200 um.
Resulting from the FEM simulation in Fig. 4(b), the two clear
peaks observed for a side length of 30 and 50 um were estimated
lateral oscillation mode including overtone. The piezoelectric
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Fig. 3. Experimental results for the electrical impedance and phase

response of the poling treated PZT film structure from 1 MHz to 1 GHz.
(a) side length is 50 um (b) side length is 500 pm.
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response such as the longitudinal displacement is affected by the
Si substrate clumping effect, and the substrate clamping effect
decreases with decreasing geometry of the PZT film structure like
a diameter for a disk shape.?!) Therefore, the reason of the lateral
oscillation mode observation is considered that the substrate
clamping effect decreases and then a freedom of the PZT film
increases with decreasing the side length of the PZT film.

On the other hand, when the side length was less than 100 pm,
the multiple resonances with almost equal frequency interval,
which was about 14 MHz, was still observed in Fig. 4(b) com-
pared with that in Fig. 4(a). The intensity of these resonant peaks
increased with increasing the side length, and these peaks mainly
ranged from 40 to 250 MHz. Because the PZT film is clamped
with the substrate, behavior of these series resonant peaks is
caused by an oscillation of the PZT film structure including
the film and the substrate like a composite resonator.???3 The
multiple resonances of the composite resonator are determined
mainly by the acoustic properties of the materials and the thick-
ness. The PZT film thickness corresponds to half-wavelength of
the fundamental resonance, and the substrate thickness roughly
corresponds to half-wavelength of the interval frequency. Addi-
tionally, the composite resonator exhibits even and odd order
resonance. Therefore, the PZT thick film structure as shown
in Fig. 1 seems to oscillate ultrasonic wave with a number of
frequency peaks between 40 to 250 MHz.24-29

To reduce the number of the spurious peaks, the relation
between the substrate thickness and the electrical impedance
response was simulated. Figure 5 shows the electrical resonance
frequency dependence on the substrate thickness in the FEM
simulation for the 500-um-side length structure. With decreasing
the substrate thickness, the frequency interval at the reso-
nance spread.?® Finally, a sharp thickness mode resonance at 160
MHz appeared clearly for a free-standing film, because the
interval frequency of the multiple resonance peaks increased with
decreasing the substrate thickness. This result suggests thinner
substrate is better for the thickness mode transducer devices.

On the basis of the simulation result, a backside Si substrate
was removed with a deep Si etching (Bosh) process to achieve
clear thickness oscillation. Since the Si etching process stopped at
Si0, layer, a layer structure at the cavity area is Pt/PZT/Pt/Ti/
SiO,. Figure 6 shows a schematic illustration of the prepared
samples. The thickness of the PZT layer was 10 um. The bottom
side thickness of the PZT film was estimated about 1.2 um, and
Si substrate thickness was 280 um. The rate between the side
length of PZT film (L) and that of Si substrate cavity (X) was
fixed to L:X = 10:9, because a vibration of bending mode seemed
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(a) Experimental results for the electrical impedance response of the prepared PZT film structure. (b) FEM simulation

results for the electrical impedance response of the PZT film structure.
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Fig. 6. Schematic illustration of the fabricated cavity structure of Si
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Fig. 7.  Electrical impedance responses of the PZT thick film structure
with Si substrate cavity.

to occur instead of a thickness mode for L < X. As shown in
Fig. 6, the side length of the PZT film was 500, 700, and
1000 um. Figure 7 shows the electrical impedance responses of
the PZT thick film with Si substrate cavity structure as a function
of PZT film side length. The thickness mode oscillations were

observed at around 168 MHz, but the resonant frequency peaks
could not be seen clearly. This is attributed to the parasitic
capacitance of the measurement system. Therefore, the anti-
resonant frequency was determined from Fig. 7. The frequency
was about 173 MHz that was in good agreement with the simu-
lated anti-resonant frequency, 167 MHz, as shown in Fig. 5(c),
and the amount was stable when the side length (L) changed from
500 to 1000 um. These results suggest that the oscillation of the
fundamental thickness mode can be achieved using the cavity
structure. On the other hand, unexpected 2nd resonant peaks were
observed. One of the reasons for the unexpected peaks seems to
be some residual Si layer of the cavity structure that means PZT
thick film and back side membrane structure seem to form the
composite resonator.

4. Conclusions

To adapt the demand of high frequency ultrasonic, thickness
mode transducers using the PZT thick film were prepared with
the CSD process, the FEM simulation, and the micro fabrication
process. Because the mechanical oscillation was equivalent to
the electrical impedance oscillation, the effects of the side length
of PZT thick film structure and the Si substrate thickness on
the electrical impedance properties were investigated, and the
behavior of the ultrasonic oscillation higher than 100 MHz was
estimated. This means that the evaluation of the electrical imped-
ance response can optimize the structure of the ultrasonic trans-
ducers, and the PZT thick film with Si substrate cavity structure
shows sharp fundamental thickness mode resonance peak at
around 168 MHz. Therefore, the fabricated device structure is
applicable to the high frequency ultrasonic medical imaging
system in the future.
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